[1] The Moscoviense Basin, on the northern portion of the lunar farside, displays topography with a partial peak ring, in addition to rings that are offset to the southeast. These rings do not follow the typical concentric ring spacing that is recognized with other basins, suggesting that they may have formed as a result of an oblique impact or perhaps multiple impacts. In addition to the unusual ring spacing present, the Moscoviense Basin contains diverse mare basalt units covering the basin floor and a few highland mafic exposures within its rings. New analysis of previously mapped mare units suggests that the oldest mare unit is the remnant of the impact melt sheet. The Moscoviense Basin provides a glimpse into the lunar highlands terrain and an opportunity to explore the geologic context of initial lunar crustal development and modification.
Introduction
[2] Scientific studies of the Moon, during and following the Apollo and Luna missions, have resulted in a general understanding of origin and evolution of our nearest celestial neighbor [e.g., Jolliff, 2006] . These studies resulted in the Moon becoming our standard paradigm for understanding early evolution and differentiation of the terrestrial planets [Taylor and McLennan, 2009] and for understanding the surface processes which occur on airless bodies [Hiesinger and Head, 2006] . However, the surface of the farside of the Moon is significantly different than the nearside, as few basins on the farside have experienced the subsequent volcanism and infilling by mare, which is so typical of the nearside topography . Therefore, this part of the Moon may still contain abundant evidence of the original floatation crust and secondary petrogenesis that resulted from developments associated with the lunar magma ocean (LMO) [Smith et al., 1970; Wood et al., 1970; Warren, 1985] . Such events on the farside may have been exposed during the many basin-forming impacts; however, they may have not been subsequently covered by volcanism. As such, the Moscoviense Basin, on the northern region of the lunar farside may reveal details of the Feldspathic Highlands Terrane (FHT) [Jolliff et al., 2000] .
[3] It is generally accepted that the Moon was largely molten to depths of 400-500 km [Warren, 1985] during its early evolution. Upon cooling of this outer portion of the Moon, this LMO crystallized to form the early crust and upper mantle [Wood et al., 1970] . Snyder et al. [1992] modeled the crystallization of this LMO, beginning with the formation and settling of olivine, followed by orthopyroxene, which also experienced crystal settling. As fractional crystallization of the LMO proceeded, the pyroxene composition became increasingly calcic, and olivine crystallization ceased. These minerals settled to form bottom-up layering of the upper mantle, in a fashion similar to layered igneous intrusions on Earth (e.g., Stillwater Complex, Duluth Gabbro Complex, and Skaergaard Intrusion). After approximately 65-70% of the magma ocean had crystallized, plagioclase came on the liquidus and began to form from the remaining melt. The lower density of the plagioclase crystals, relative to the more Fe-rich residual melt, resulted in the plagioclase being buoyant and floating toward the surface of the LMO, where it coalesced to form the feldspar "rockbergs" in the uppermost portions of the crust [Wood et al., 1970] . These initial flotations of plagioclase, with their minor amounts of pyroxene, formed the ferroan anorthosite (FAN) lunar crust. As the remaining plagioclase continued to form, the resulting melt became increasingly enriched in incompatible elements, such as potassium (K), rare earth elements (REE), and phosphorous (P) (KREEP), a late stage incompatible-rich lithology termed urKREEP by Warren [1985] . The high concentrations of U and Th in this KREEP provided a large portion of the heat budget for subsequent magmatism within this primary LMO highland crust.
[4] Intrusive magmatism into the upper mantle-FAN highland boundary began as early as 30 Ma after the initial birth of the Moon [Shearer and Newsom, 2000; Shearer et al., 2006] , and extended up to 200 Ma [Solomon and Longhi, 1977] after the magma ocean phase neared its end. This was probably triggered by the heat from the U-Th rich KREEP, with intrusions of highly feldspathic magma melting, assimilating, and replacing some of the FANs with high-magnesium suite rocks. That period was closely followed by more Fe-enriched gabbo-norite rocks and more alkali-rich lithologies, which repeated the processes of intrusion, melting, assimilation, and replacement of the FAN and high-magnesium crust. It is this complex geometry of the primitive highland crust of FANs with its intergrown arrays of Hi-Mg suite rocks, gabbro-norites, and alkali gabbros that remains to be studied at the surface. Fortunately, the generation of large impact basins into the farside terrain provides a means of exposing these subsurface relationships in a way that can be studied with orbiting platforms, such as the Moon Mineralogy Mapper (M 3 ) onboard India's Chandrayaan-1 mission. Large multiring basins form as a result of the largest impacts. According to the model of basin formation proposed by Head [2010] , three concentric rings form as a result of collapse of the displaced zone into the transient cavity and rebound of the floor. As the floor rebounds and the displaced zone collapses into the cavity, the edges of the melt cavity are rotated and elevated above the basin floor to create the peak ring. The main ring is formed from the edge of the transient cavity as it is rotated and moved slightly inward as the displaced zone collapses and rotates. The outer ring is the scarp that forms at the outer edge of the displaced zone, when it collapses. The M 3 data can be used to explore the exposed cross section of the crust and determine the petrologic nature of the second stage of magmatic activity that was active in the FHT [Jolliff et al., 2000] . Studies of the Moscoviense Basin have identified several unusual features for a farside basin. It is one of the few farside basins that has abundant mare deposits [Head, 1974] , is reported as having the thinnest crust on the entire Moon [Ishihara et al., 2009] , and is reported as having an abnormally large gravity anomaly [Namiki et al., 2008] for a basin this size. These characteristics suggest that secondary magmatic processes may have been atypically active and significant in this area and could be exposed in the basin. In order to understand this interesting area, we will explore these characteristics and the effect of reinterpretations of previously identified units and present new observations of the Moscoviense Basin.
New Missions and Data
[5] The Moon Mineralogy Mapper (M 3 ) is a NASAfunded, reflectance spectrometer that flew onboard the Indian Chandrayaan-1 spacecraft [Goswami and Annadurai, 2008] . It collected data in the global mapping mode with a spatial resolution of ∼140 to 280 m/pixel, across an ∼40 to 80 km swath, depending on the orbiter's altitude above the surface. Spectral data were collected across 85 channels between 460 and 2980 nm at a resolution of 20 nm (from 750 to 1550 nm) and 40 nm (from 460 to 700 nm and 1580-2980 nm). Spectral smoothing was applied to all spectra [Clark et al., 2011] Clark et al. [2011] for M 3 data acquisition, calibration, and processing details.
[6] The Lunar Orbiter Laser Altimeter (LOLA) onboard the Lunar Reconnaissance Orbiter collects surface elevation and local slope information along and across track [Smith et al., 2010] . That information is used to generate a digital elevation model (DEM) of the lunar surface [Smith et al., 2010] . All M 3 imagery in this study has been referenced to the LOLA DEM, with a resolution of 64 pixels per degree. High-resolution images from the Kaguya spacecraft Terrain Camera [Haruyama et al., 2009] have also been used to distinguish surface features in and around the Moscoviense Basin.
Moscoviense Basin
[7] Moscoviense Basin is a multiringed impact basin located in the northern hemisphere on the farside of the Moon at 27°N, 148°E (Figure 1 ). It occurs in the FHT [Jolliff et al., 2000] and presents a cross section into the original highlands crust. The basin was first identified as a large region of dark mare in images returned from the Luna 3 spacecraft launched in 1959 by the USSR. Subsequent higher-resolution images were used to identify the structural features associated with a basin containing the mare, and the basin adopted the name of the mare; however, it has not been officially recognized by the International Astronomical Union according to the Gazetteer of Planetary Nomenclature.
Basin Characteristics
[8] The Moscoviense Basin is classified as Nectarian in age, having formed 3.85-3.92 Ga [Wilhelms et al., 1987] , based on superposition relationships and crater-counting techniques. The features of the basin have experienced a significant number of impacts since its initial formation and have subsequently been degraded over time. Past studies have suggested that the basin contains as many as five rings located at 140, 220, 300, 420, and 630 km [Pike and Spudis, 1987] . Wood and Head [1976] identified three rings at 205, 410, and 700 km; Wilhelms et al. [1987] identified only two rings at 210 and 445 km and suggested the possibility of a third ring. We have identified three distinct rings using LOLA topographic data; an inner peak ring, a middle ring, and an outer ring that are 185, 430, and 650 km in diameter, respectively. The floor of the basin is about 7 km deep relative to the crest of the outer rim. Although the floor of the basin is elongated, the middle ring is nearly circular and has a length to width ratio of 1.06:1 (NE-SW:NW-SE). Most basins have generally concentric rings that are found at ∼2 0.5 D spacings (where D is the diameter of the adjacent interior ring) [Chadderton et al., 1969; Pike and Spudis, 1987] . However, the geographic centers of the peak ring and the main ring of the Moscoviense Basin are offset along a line to the southwest, ∼90 and ∼60 km, respectively, relative to the center of the outer ring, as illustrated in Figure 2 .
[9] The inner peak ring is represented by a continuous half ring of ∼185 km diameter that is open to the northeast. As shown from the topographic profiles in Figure 2 , the half ring is typically 20-25 km across and elevated ∼2-3.5 km above the present basin floor; at its ends, it grades into lower massifs that become embayed by mare and are no longer exposed at the surface or are absent. The inside scarps of the existing peak ring typically slope toward the center of the basin at angles at 10°-25°and rarely exceed 35°. Surrounding the outside of the exposed inner peak ring is a nearly continuous platform that extends slightly beyond the peak ring to the north and east and is elevated nearly a kilometer above the mare-filled basin floor.
[10] According to the identification of basin rings in the Orientale Basin by Head [1974] , the middle ring represents the approximate location of the original crater rim. The middle ring of Moscoviense Basin is a nearly continuous ring of massifs with a diameter of approximately 430 km, which agrees well with the diameter of the main ring as identified by Wilhelms et al. [1987] and Wood and Head [1976] and one of the rings identified by Pike and Spudis [1987] . The elevation of the middle ring crest is variable but is typically 6-7 km above the mare that covers the basin floor. Between the middle ring and outer ring, several distinct terraces can be found that correlate well with the elevation of the middle ring ( Figure 3 ). These terraces are not continuous, but if connected, they form an approximately elliptical outline between the two rings.
[11] The outer ring of the basin is a discontinuous ring that is particularly disturbed to the east-southeast. This scarp has a diameter of approximately 650 km, and when compared to the rings of the Orientale Basin as described by Head [1974] , this ring corresponds with the outer ring that formed in the late stages of basin formation, as the crust collapsed into the newly formed crater. The surrounding rim is generally higher to the west and south, with corresponding steeper slopes into the basin than to the north and east, where there are lower rims, typically gentler slopes, and distinct slump blocks that are shown in Figure 3 .
Mare
[12] Much of the floor of the Moscoviense Basin has been filled by mare basalts of varying compositions [e.g., Gillis, 1998; Craddock et al., 1997; Kramer et al., 2008; Haruyama et al., 2009; Morota et al., 2009] . They form an approximately rectangular depression that trends southwest to northeast (Figure 2 ). The naming convention of these units follows that used by Kramer et al. [2008] . The units have been identified as an Imbrium age low-Fe, low-Ti mare (Im), which lies primarily in the south; an Imbrium age low-Ti mare (Iltm) that lies in the northwest and overlies the Im; an Imbrium age highTi mare (Ihtm) that is located to the east, and an Imbrium age mare associated with the Komarov crater (Ikm). The ages of these flows were recalculated using crater-counting techniques by Morota et al. [2009] . Unit Im was dated at 3.9 Ga, unit Iltm was dated at 3.5 Ga, unit Ikm was dated as 3.3-3.5 Ga, and unit Ihtm was dated at 2.6 Ga, and thus placed within the Eratosthenian system. Morota et al. [2009] appropriately renamed the unit Ehtm to reflect the younger age. Both Kramer et al. [2008] and Morota et al. [2009] suggested that Ikm is compositionally similar enough to Iltm that they could be a single contemporaneous unit. However, our analysis is precluded because the unit Ikm was not mapped by M 3 . Two other locations outside of the basin that contain mare have been identified in Figure 2 ; however, these maria do not appear to be related to any basin structures.
[13] Since the location of the Moscoviense Basin is well within the FHT [Jolliff et al., 2000] , it is reasonable to assume that this area would have some of the thickest crust on the Moon. However, a recent study by Ishihara et al. [2009] , using data from the Japanese Mission, Kaguya, suggested that the crust immediately below the Moscoviense Basin is actually the thinnest on the entire Moon. They suggested that the basin most likely had a thick preimpact crust, but the impact resulted in an anomalously large mantle uplift [Namiki et al., 2008] for a basin of this size, indicating that this area may have already been atypical prior to the impact event.
Significant Craters
[14] There are two significant craters that are associated with the mare within the basin, the Titov and Komarov craters ( Figure 4 ). Titov is a ∼30 km diameter crater in the northeast that is surrounded by units Im and Ehtm, but lies outside of M 3 coverage. Surrounding the craters, unit Im appears to be made up of ejecta that have been subsequently embayed by Iltm and Ehtm flows. Komarov crater is a ∼80 km diameter crater that has partially obscured a smaller ∼50 km crater on the eastern edge of the basin floor. The floor of Komarov is highly fractured and was mapped as a separate mare unit (Ikm) by Gillis [1998] and Kramer et al. [2008] . However, Morota et al. [2009] considered Ikm and Iltm to be parts of the same unit based on their similar ages and Clementine spectral signatures. Unfortunately M 3 has only limited coverage of the eastern edge of Kormarov crater that is outside of the mare deposit.
Sinuous Rilles, Linear Rilles, and Wrinkle Ridges
[15] Gillis [1998] reported sinuous rilles and other volcanic edifices in and around the basin, using Clementine images. However, these features are not apparent in the M 3 or Kaguya imagery, and the observations using the higher-resolution and optimally lit Kaguya terrain camera do not support all of the identifications made with lower-resolution data. As shown in Figure 4 , wrinkle ridges have formed on the basin floor parallel to the northeast scarp, perpendicular to the length of the mare near its midpoint, as well as along an arc in the west-southwest area of the mare; these are all indicative of subsidence and contraction of the basin floor. In Figure 4 , a single linear rille can be seen along the eastern mare edge that Figure 2 . Mosaic of M 3 imagery (band 84 at 2976.2 nm) referenced to a Lunar Orbiter Laser Altimetry digital elevation model illustrating the location of the basin rings, the basin ring centers, mare/melt units, the location of mafic exposures (numbered for reference), and topographic profiles and their locations (dashed lines). White unit (Iltm), Imbrian low-titanium mare basalt; green unit (Ehtm), Eratosthenian high-titanium mare basalt; red unit (Im), Imbrian low-titanium mare basalt (possible impact melt); blue indicates remote maria that do not appear to be associated with any Moscoviense Basin structure. appears to be extending along a line from the peak ring, which also indicates subsidence of the basin floor. Unlike the subsidence that we see associated with the mare on the basin floor, the floor fractures of Kormarov appear to represent an uplift of the floor [Stuart-Alexander, 1978] in that location; this may be associated with emplacement of a magma chamber below that area of the basin.
Swirls
[16] Located in the western part of Mare Moscoviense are light toned swirls that extend for several tens of kilometers, as shown in Figure 5 . These swirls take on linear, jagged, or curvilinear appearance and are expressed as albedo differences on the surface and correlate with the location of wrinkle ridges. Lunar swirls have been also identified with magnetic fields antipodal to impact basins on the nearside [Wilhelms et al., 1987; Richmond et al., 2005] . While the mechanism that forms swirls is under debate, possible explanations range from magnetic fields influencing space weathering processes [Kramer et al., 2011] to electrostatic forces transporting dust [Garrick-Bethell et al., 2010] .
Basin Ring Formation
[17] Two competing models of basin ring formation that will be discussed here are (1) the hydrodynamic theory of ring formation proposed by R. B. Baldwin, and further developed by several other researchers [e.g., Melosh, 1989; Collins et al., 2002; Morgan et al., 2000] and (2) the nested melt cavity model of Head [2010] , which builds upon earlier works by R. A. F. Greive and M. J. Cintala [e.g., Cintala, 1992, 1997; Grieve, 1994, 1998 ]. The validity of these models for the Moscoviense Basin will be explored within the context of previously published and newly acquired data.
[18] The first model considers basin rings to represent an impact-driven wave mechanism that was primarily surficial. Coinciding with the excavation of the impact and immediately following it, rebound and collapse of the floor begins generating tsunami-like waves that propagate outward and freeze [Baldwin, 1972] , preserving the ring structures associated with multiringed basins. The development of a peak ring is proposed to result from the outer edges of the base of a rebounding fluidized central peak solidifying, while the rebounding interior portions remained in a fluid, or fluid-like, state, and continued to collapse. Potential strengths of this model, noted by Spudis [1993] , are the evidence for oscillatory uplift at terrestrial impact craters, and that this theory possibly explains the (2 0.5 D) ring spacing observed in multiringed basins by Chadderton et al. [1969] and Pike and Spudis [1987] . Potential weaknesses, also suggested by Spudis [1993] , are that the physical plausibility of the scenario is uncertain, and there is evidence for deep structures associated with basin rings. Since the formation of the peak ring is a direct consequence of the rebounding floor in this model; complete circular peak rings should be associated with all large basins. The partial peak ring in Moscoviense Basin would suggest that this model may not adequately characterize peak ring development. The Moscoviense Basin also does not possess concentric rings with 2 0.5 D ring spacing that would develop as a natural consequence of the surficial impact-driven wave mechanism. This model does not appear to explain the features seen within this basin.
[19] The nested melt cavity model proposes that rings form as a result of the interaction between the transient cavity, the displaced zone, and the melt cavity, all generated during complex crater and basin formation. Cintala and Grieve [1998] suggested that as the transient crater size increases, the percentage of target rock being melted at the subimpact point will also increase. As it does, the nature of the transient cavity and its relationship to the displaced zone, and its subsequent collapse, are fundamentally changed. Head [2010] described that in the short term, modification is dominated by the strength differences that exist between the fluid melt of the inner cavity and the highly shocked, but solid rocks that exist within the displaced zone at the outer margin of the melt cavity, as described by Cintala and Grieve [1998] . Head [2010] proposed that the rocks that make up the transitional zone between the melt cavity and the displaced zone rebound, moving up and laterally inward due to the crustal response to the transient cavity. This movement displaces the fluid of the melt cavity and generates a peak ring. If the transient melt cavity becomes large enough to penetrate the base of the displaced zone, listric faulting into the basin will propagate along the base of the displaced zone; this results in a slight movement inward of the transient cavity, which slightly displaces the main ring and causes the development of an additional outer ring and megaterrace at ∼1.5 crater radii [Head, 2010] . The formation of three concentric rings is not inherently required by the Head [2010] model. This is because ring formation is a function of both the collapse of the transient cavity and the size of the melt cavity, both of which could be influenced by the impact angle [Cintala and Grieve, 1998 ]. This suggests that an elongated or elliptical-shaped transient cavity and/or melt cavity may result in offset and partial rings, due to differences in the transient crater wall slopes and the subsequent faulting during the basin modification stage. In addition to being able to explain the offset ring configuration and the partial peak ring, this model also addresses the crustal thinning that is recognized within the Moscoviense Basin. [20] The Moscoviense Basin has an unusual shape and ring distribution. The variability among the size, shape, number of rings, and ring spacing of basins on the Moon has been well documented [e.g., Chadderton et al., 1969; Hartmann and Wood, 1971; Wood and Head, 1976; Wilhelms et al., 1987; Pike and Spudis, 1987; Melosh, 1989; Spudis et al., 1994; Wieczorek and Phillips, 1999] . However, these basins can generally be said to possess concentric rings with a ring spacing of 2 0.5 D [Chadderton et al., 1969; Pike and Spudis, 1987] . The rings of the Moscoviense Basin are significantly offset to the southwest, and there are two potential scenarios that could account for this unusual configuration: (1) an oblique impact or (2) multiple impacts at this location.
Oblique Impact
[21] Experimental studies of oblique impacts by Gault and Wedekind [1978] have demonstrated that they can result in elongate noncircular depressions with discontinuous ejecta patterns that become highly asymmetric. Schultz [1992] also recognized discontinuous ejecta patterns and partial peak rings that are offset up range and open in the downrange direction of Venusian craters formed from oblique impacts. Cintala and Grieve [1998] suggested that impact angle would influence the downrange motion of the impact melt; this would produce an offset in the center of the rebound. Gault and Wedekind [1978] observed that the cross-sectional profiles of experimental oblique impacts change with impact angle in the along-trajectory direction. The geometry of the resulting craters generally tends to produce steeper slopes and lower rims in the up-range direction, and more shallow extended slopes with higher rims in the downrange direction. The Moscoviense Basin has just such a profile if viewed from the southwest to northeast, as shown in Figure 3 . The basin possesses a discontinuous ejecta blanket to the north and east, as mapped by Wilhelms and El-Baz [1977] and StuartAlexander [1978] . The primary differences between the experimental work of Gault and Wedekind [1978] and the features of the Moscoviense Basin (other than scale and composition) are that the actual rim heights are higher to the southwest and lower to the northeast, the opposite of what would be predicted by their experiments. Also, their experimental work did not result in the formation of multiple rings.
[22] The higher rim to the southwest may be due to the addition of ejecta from the Mendeleev basin, which lies south of the Moscoviense Basin (Figure 1) , and/or a combination of small localized impacts on the outer rim that have raised the local topography in this area. Since the formation of multiple rings could not be addressed at the scales and with the materials that Gault and Wedekind [1978] used in their study, it is unclear from their work whether the half ring, which represents the peak ring, or the offset nature of the ring system, is a function of impact angle. However, the work by Schultz [1992] on oblique impacts did recognize partial peak rings that are offset up range and open in the downrange direction, with discontinuous ejecta blankets surrounding the crater. These features are all recognized in the Moscoviense Basin and suggest that Moscoviense may be the result of an oblique impact.
Multiple Impacts
[23] Another possibility that was suggested by Wilhelms et al. [1987] is that the Moscoviense Basin and its unusual ring configuration is the result of multiple impacts closely connected in time. This scenario could result from binary asteroids impacting the surface nearly simultaneously or from a fragmented object; such an occurrence was dramatically observed when comet Shoemaker-Levy 9 broke up and impacted Jupiter [Hammel et al., 1995] . The displacement of the ring centers along a linear trend to the southwest may indicate preexisting structural constraints that developed due to a prior impact event [Wilhelms et al., 1987] or possibly through the combination of two near-simultaneous impacts. A difficultly in determining if multiple impacts were involved in the formation of the Moscoviense Basin lies in that the more recent impact would tend to erase many of the surface signatures of previous impact events of equal or lesser magnitude. However, if the more recent impact was smaller and formed within a larger, older basin, features of each basin may be preserved, such as the outer ring of an older/larger basin and the inner rings of a smaller/younger basin. At least three distinct and separate slump blocks exist between the main and outer rings of the northern half of Moscoviense Basin (see Figure 3 ). These slump blocks may represent the remnants of a preexisting ring within the current basin. In the event that the initial impact masses were comparable in size and struck the Moon offset from one another, a figure 8 to elliptical configuration of the middle ring may develop as two overlapping craters are merged such as has been suggested for Humboldtianum basin [Lucchitta, 1978] . Although the shape of the rings in Moscoviense appear to be circular, half of the peak ring is either missing or has been embayed by mare and its shape cannot be confirmed. The roughly figure 8 shape of the basin floor may indicate the location where the floors of two basins overlap. However, this scenario would most likely result in an elliptical-shaped basin rather than one with offset circular rings as is demonstrated in Figure 6 .
[24] Additional lines of evidence that may support the idea of multiple impacts at Moscoviense are the thin crust that has been suggested by Ishihara et al. [2009] and the increased gravity anomaly reported by Namiki et al. [2008] . Basin- Figure 6 . An idealized scenario where overlapping transient cavities of similar size generate a figure 8 ring configuration, similar to that suggested for the development of Humboldtianum Basin by Lucchitta [1978] . Collapse of the adjacent transient cavities develops generally elliptical rings. sized impacts result in the development of mass concentrations (mascons) due to mantle uplift [e.g., Wise and Yates, 1970; Neumann et al., 1996; Wieczorek and Phillips, 1999] and the combination of mare emplacement [Solomon and Head, 1980] . If multiple separate basin-forming sized impacts occurred at the same location, it is possible to envision a scenario where separate episodes of mantle uplift could result in a stepwise raising of the crust-mantle boundary. If, on the other hand, the response of the crust-mantle boundary is a direct result of the size and depth of the transient cavity, then a scenario where two impacts occur nearly simultaneously may result in significantly more material being removed and from a greater depth. This scenario might proceed as follows and is illustrated in Figure 7: (1) The first bolide impacts into the surface and excavates a transient cavity. (2) Before the transient cavity begins to collapse, a second bolide impacts into the floor of the existing transient cavity and generates a second transient cavity within the first that penetrates deeper into the crust. (3) Since the second impact would define the final shape and depth of the combined transient cavity, offset rings or an elliptical ring configuration could result as the rim collapses into the basin and the floor rebounds. The uplift of the crust-mantle boundary may be significantly greater than expected for a basin of the size of Moscoviense due to its greater depth of excavation. A multiple-impact scenario seems plausible and can be used to explain the unusually high-gravity anomaly and thin crust that has been reported at Moscoviense.
Moscoviense Formation Scenario
[25] It is impossible to say exactly what the surface of the Moon was like prior to the creation of the Moscoviense Basin. The crust of the Moon had solidified and the impact flux in the early solar system had waned considerably [Hartmann, 1965] . However, the proposed late heavy bombardment [Tera et al., 1974] had recently begun (i.e., ∼4.0 Ga) and significant basin-forming impacts were once again occurring on the Moon. The 2500 km wide South Pole-Aitken basin [Spudis et al., 1994] , also referred to as the big backside basin by Wilhelms et al. [1987] , had already formed resulting in a redistribution of crustal material across much of the lunar surface. That single event is modeled to have covered the Moscoviense Basin area with one to two kilometers of ejecta [Petro and Pieters, 2008] , potentially filling in or obscuring preexisting significant craters or small basins.
Impact
[26] The impact event(s) that formed the Moscoviense Basin, occurred during the Nectarian Period (3.85-3.92 Ga) [Wilhelms et al., 1987] , resulting in an excavated basin with multiple rings. The impact would have produced significant melt within the displaced zone at the deepest part of the transient cavity. As the walls of the transient cavity collapsed inward and the floor of the basin simultaneously rebounded upward, the edges of the melt cavity collapsed and formed the peak ring. The melt that had been in the melt cavity would have flowed and collected in low-lying areas of the basin as the basin stabilized. Wilhelms and El-Baz [1977] and StuartAlexander [1978] identified lineated material around the basin to the north and east of the basin that appears to represent discontinuous ejecta deposits from the impact event.
Mare Emplacement
[27] During large-scale impact events, a considerable amount of crustal overburden is removed and redistributed around the impact site. The removal of this material causes the temperature and pressure gradients within the crust to readjust and may instigate melting and magma production below the basin [Elkins-Tanton et al., 2004] . This redistribution of geothermal gradients can also result in convective motion of the crust below the basin; resulting in horizontal and vertical stresses that adjust to the new configuration of the surface and crust-mantle boundary, further instigating more melting [Elkins-Tanton et al., 2004] . The lower-density melt begins to form diapirs and ascend until it encounters a layer of crust less dense than itself, where it stalls in a density trap, or at a rheological boundary that prevents further ascension [Head and Wilson, 1992] . As more and more melt collects at these locations, the pressure begins to build until dike prop- agation is initiated. If the dike propagates to the surface, some of the magma in the dike will extrude onto the surface; otherwise, the dikes will stall and solidify below the surface [Head and Wilson, 1992] . At this location, partial melting may have been instigated by the impact event and provided the additional impetus required for the basaltic magmas, which resulted from the concentration of the radioactive elements in the residual KREEP [Warren, 1985] , to reach the surface.
[28] Mare volcanism commenced in Moscoviense during the upper Imbrian epoch (3.2-3.8 Ga) [Wilhelms and El-Baz, 1977; Stuart-Alexander, 1978; Haruyama et al., 2009; Morota et al., 2009] , with the final basalt flows occurring possibly as recent as ∼2.5-2.6 Ga [Haruyama et al., 2009; Morota et al., 2009] . There are no obvious fissures, vents, or sinuous rilles leading into the basin that indicate the location of the volcanic activity that led to the filling of the basin floor, at the resolution of currently available imagery. Previous interpretations of sinuous rilles within the basin by Gillis [1998 ] cannot be corroborated. There are also no recognizable distinct flow margins between the different mare units. Mare unit delineations are based on the mineralogical variability seen in multispectral images, surface textures, and albedo. The slope of the basin floor from northeast to southwest and the general elongate shape of the Iltm and Ehtm units suggest that the source vents of the mare are somewhere in the north or northeastern region of the basin floor, as suggested by Gillis [1998] . The Im unit is topographically higher than the Iltm and Ehtm units, especially in the vicinity of the peak ring, and is exposed in crater rims and ejecta on the basin floor. The unit is highly cratered and degraded, more so than any of the other deposits on the basin floor. It has been assigned an age of 3.9 Ga by Morota et al. [2009] , which suggests that it is the oldest surface unit within the basin floor and corresponds with the age of the basin itself. The unit extends from the southern edge of the Iltm and Ehtm units down toward the lowest portion of the basin floor and then uphill toward the base of the peak ring. It is exposed in the north end of the basin as uplifted crater rims and ejecta and at the edges of the basin floor to the northeast. These relationships suggest that the Im unit may be impact melt that filled the floor of the basin and not a mare basalt deposit that has subsequently covered it. The reclassification of the Im unit as an impact melt more closely resembles the classification of the unit by Craddock et al. [1997] as a questionable pyroclastic deposit or possible melt sheet based on Clementine data. Other mare units have been identified outside of the basin to the north and south by Stuart-Alexander [1978] and Gillis [1998] . These deposits occur within craters at 13°54′47 N, 153°58′48E and at 45°26′1N, 150°48′27E Figure 8 . Mean apparent reflectance spectra collected from the basin floor units in image M3G20081229T022350. (top) SCREP selected spectra of primary units and (bottom) surface spectra. The color of each spectral profile corresponds to the unit color in Figure 2 . Note that spectra are not thermally or photometrically corrected, and this may influence the shape of the 2 mm band. (Figure 2 ). However, there is no evidence that these basalts are necessarily associated with Moscoviense Basin, based on features exposed at the lunar surface.
Characterization of the Mineralogical Units in and Around Moscoviense
[29] With M 3 data, we have identified the different mare units utilizing three separate band ratios that highlight differences in mineralogical composition: band ratio 1618 nm/ 730 nm examines the continuum slope; band ratio 1209 nm/ 1618 nm accentuates differences within the slope ratio; and band ratio 580 nm/730 nm compares the band strengths at ultraviolet versus visible wavelengths. We used the Small Crater Rim and Ejecta Probing (SCREP) procedure [Kramer, 2010] to extract spectral information from pixels on the rims and proximal ejecta of small, immature craters (0.5-5 km in diameter). These small craters act as windows through the ubiquitous, obscuring regolith, exposing the underlying lithology [McCord and Adams, 1973; Staid and Pieters, 2000; Kramer et al., 2007 Kramer et al., , 2008 Kramer, 2010] . Analysis is focused on the rims and proximal ejecta of the craters because these are the locations that best expose the pristine bedrock composition, while simultaneously avoiding photometric effects due to steep slopes. Impact-cratering studies and analysis of impact ejecta mechanics demonstrate that near the crater rim, the original stratigraphy of the impact target is inverted [Melosh, 1989] . This area represents the thickest part of the crater ejecta and thus consists of the most concentrated or highest proportion of native material compared to foreign materials that collectively make up the regolith. Furthermore, the rim and proximal ejecta suffer the least amount of postimpact regolith buildup [Kramer, 2010] . Impact gardening and other soil maturation processes are continuous phenomena. Regolith production is progressively obscuring the freshly exposed bedrock. Thus, despite information from the least mature impacts, the craters from which we derive compositional values are still contaminated by lateral mixing from foreign terrains. The crater floor, which represents the greatest depth of penetration, has been used for extracting compositional information. However, it would be covered with regolith produced since excavation, as would any flat region of the lunar surface, and would also contain additional material slumped off the crater wall. Kramer [2010] gives a thorough discussion of the SCREP procedure and rationale.
[30] The mean spectra of the basin floor surface units and their SCREP-selected spectra shown in Figure 8 . These spectral analyses are a significant improvement over previous studies, by virtue of the improved spectral capabilities of M 3 instrument. The Im unit is characterized by a very weak feature at 1 mm, but due to the strong thermal component beyond 2 mm, there is no clear 2 mm band. This, along with the high albedo of the unit, suggests that Im is highly feldspathic with little or no mafic minerals present. These spectral characteristics are consistent with impact melt [Tompkins and Pieters, 2010] ; thus, unit Im may be the battered remains of the basin floor impact melt sheet. Units Iltm and Ehtm, have strong ferrous bands indicating that they are basaltic units. The absorption features of the surface units (soils) are significantly subdued due to space weathering, and stand in contrast to the fresh basalt spectra for each unit as shown in Figure 9 . Pixels with a strong absorption around 1000 nm (mafic minerals) plot higher in the y axis direction, and pixels that have a stronger albedo at 1489 nm (attributed to a higher FAN abundance) will plot at higher values along the x axis. The plot (Figure 9 ) clearly delineates between units Im, Ehtm, and the peak ring. We interpret this to indicate that unit Im is compositionally intermediate between the basaltic unit Ehtm and the peak ring material, which would be expected of an impact melt derived from melted and mixed upper (feldspathic) and lower (mafic) crustal material.
[31] The FHT surrounding the Moscoviense Basin is generally spectrally bland across the spectral range of M 3 , as is expected for fractured and shocked anorthositic material. However, Yamamoto et al. [2010] identified several locations within the peak ring and the main ring that exhibit significant olivine signatures. One of the locations having an olivinedominated lithology was also identified by Isaacson and Pieters [2010] at 32.568°N, 143.760°E, which is northwest of the mare in the middle ring (Figure 2 , mafic exposure 1). There are several craters around the basin, identified in Figure 2 , that have excavated materials from below the surface that display strong mafic absorption features. Figure 10 represents spectra from two craters that exposed mafic material within or adjacent to the main ring. These spectra were obtained from a ∼10 km crater located at 24.169°N, 155.128°E (Figure 2 , mafic exposure 2) and a ∼15 km crater at 25.395°N, 154.054°E (Figure 2 , mafic exposure 3). Both these craters exhibit a weak but broad ferrous band near 1 mm that could be due to pyroxene and/or olivine. Additional spectra of mafic exposures (Figure 11 ) can be found north of the basin, within the exposed central peak of a ∼30 km crater at 44.150°N, 141.833°E (Figure 2 , mafic exposure 4), and in a ∼7.5 km crater at 28.020°N, 161.877°E in the outer ring (Figure 2 , mafic exposure 5). These have distinct features that occur at shorter wavelengths, indicative of small amounts of low-Ca pyroxene. There are several other small exposures of mafic material around the basin, but it is difficult to determine definitively from this Figure 10 . Average apparent reflectance of 3 × 3 window from two craters along the eastern middle ring (see mafic exposures in Figure 2 for locations) from M 3 image M3G20090624T071103. Absorptions at 1 and 2 mm indicate that mafic compositions have been exposed within the FAN crust adjacent to the middle ring by impacts. Note that spectra are not thermally or photometrically corrected, and this may influence the shape of the 2 mm band. Figure 11 . Average apparent reflectance of 3 × 3 window from two craters outside of the outer ring (see mafic exposures in Figure 2 for locations) from M 3 images M3G20090528T213152 (crater 4 north) and M3G20090720T214000 (crater 5 east). Absorptions at 1 and 2 mm indicate that mafic compositions have been exposed within the FAN crust adjacent to the outer ring by impacts. Note that spectra are not thermally or photometrically corrected, and this may influence the shape of the 2 mm band.
initial analysis whether the origin of this material is cryptomare, pyroclastic deposits, or mafic intrusions.
[32] The peak ring is the most diverse lithologic unit within the basin, with several areas where unexpected mineralogies have been exposed and discovered. Pieters et al. [2011] have identified several areas within the peak ring where olivine, orthopyroxene, and magnesium-rich spinel (MgAl 2 O 4 ) spectra appear as isolated diffuse units. These exposures do not appear to be associated with any impact craters, significant albedo changes, or geomorphological features, suggesting that they are integral components of the peak ring that were exposed when the basin formed. Pieters et al. [2011] did not detect any other mafic minerals (i.e., <5%) associated with the magnesium-rich spinel but did find that some of the olivine and orthopyroxene exposures are geographically near one another.
Interpretation and Summary

Basin Formation
[33] There are several observations that make the Moscoviense Basin unusual. The centers of the rings that make up the Moscoviense Basin are offset along a line, the elongate nature of the basin floor, the significant positive gravity anomaly within the basin, the diverse basalt compositions, the presence of sparse farside mare deposits, and the revelation that the thinnest crust on the entire Moon is found under a basin that is surrounded by what is otherwise very thick crust (∼60-75 km). All of these things together suggest that the typical scenarios related to basin formation may not entirely apply to the Moscoviense Basin.
[34] We have explored the possibility that the basin is the consequence of a single oblique impact. This scenario is consistent with the offset configuration of the rings, the partial peak ring, the elongated nature of the basin floor, steep uprange slopes and gentler downrange slopes, and the discontinuous ejecta. However, since a single oblique impact would distribute the kinetic energy of the bolide horizontally as well as vertically, it is not clear why it would induce such a significant response directly below the basin at the crustmantle boundary. So while an oblique impact does explain the surface features that exist at Moscoviense, it does not satisfactorily explain the thin crust, significant gravity anomaly present, or the abundant mare that are recognized there.
[35] Another possibility to explain the features of Moscoviense is that multiple impacts were involved in the formation of the basin. The scenario of a smaller basin forming within the confines of an older and larger preexisting basin may account for the offset ring configuration as well as the potential partial remnants of a ring between the main and outer rings and the elongated basin floor. In such a scenario, uplift of the crust-mantle boundary in response to the two basin forming events may be sufficient to explain the thin crust and associated significant positive gravity anomaly, which would represent a mantle plug intruding into the FHT crust. Since the uplift of the crust-mantle boundary is so significant, dike propagation from the uplifted crust-mantle boundary to the surface can explain the presence of the mare deposits at this location.
[36] We have also explored the slight modification of the previous scenario, in which a nearly simultaneous double impact occurs. The combined excavation by two bolides, one immediately following the other, would excavate a very deep transient cavity without significantly increasing the diameter of the crater at the surface. The collapse of the transient crater could result in an elongated crater floor, if the second bolide impacted off center from the first. This could account for the offset rings; since the main ring would form as a result of the final transient cavity and the peak ring would form from the collapse of the displaced zone into the skewed, expanding melt cavity. The asymmetric collapse could suggest why half of the peak ring extends above the basin floor and the rest is either nonexistent or buried under mare. Since the expanded melt cavity became elliptical instead of hemispherical and the transient cavity had become deeper, the displaced zone would collapse into the melt cavity instead of becoming part of the peak ring. Then the outer ring would form as a response to the entire excavated cavity. This scenario has the potential to explain the gravity anomaly, thin crust, farside mare, and potentially the offset ring structure of the basin, and should be considered despite the complicated formational mechanism involving dual impacting bolides.
[37] It is possible that the gravity anomaly and thin crust are not directly related to the formation of the Moscoviense Basin, as viewed today. It could be, that prior to the impact (i.e., ≥4.0 Ga), significant secondary plutonic activity had already propagated dikes throughout the region, and the Moscoviense impact event, and isolated craters across the surface, have subsequently excavated some of the dikes and plutons that resulted from this activity. If this is the case, a single oblique impact scenario may be the most probable for the Moscoviense Basin.
Basin Rings
[38] Moscoviense Basin is within the FHT [Jolliff et al., 2000] , and the excavation of the rings has resulted in the exposure of several mafic signatures within this highly feldspathic region. Each of the rings has at least two localities where subsequent impacts have exposed mafic material, and the peak ring has turned out to be the most mineralogically diverse area of the basin . According to the Head [2010] basin ring formation model that we are using, the material that makes up the peak ring corresponds to the deepest part of the crust exposed by the basin-forming event. The shallow slopes where the unusual peak ring mineralogies have been found lack signs of recent impact, suggesting that they represent integral parts of the crust that have been moved from depth and exposed at the surface. The other areas within the middle ring and the outer ring that have mafic signatures may represent plutonic material that reached, or nearly reached, the surface prior to basin formation.
Impact Melt
[39] The 3.9 Ga Im unit is the oldest unit and coincides with the formation of the basin. The age and topographic relationship of this unit with respect to the other mare deposits and the peak ring, as well as its spectral nature suggest that this unit is transitional between the mafic mineralogy of the mare and the feldspathic mineralogy of the surrounding peak ring material. Our interpretation of this transitional unit is that it represents impact melt from the formation of the basin and does not represent a mare deposit. The composition of the Im unit likely reflects the melting and mixing of mafic and feldspathic lithologies during the basin impact event; which incorporated mafic igneous intrusions, possibly lower crust, part of the bolide, and large amounts of FAN.
Mare Volcanism
[40] Mare deposits within the basin range in age from 3.5 to 2.6 Ga [Morota et al., 2009] . The Iltm unit has an intermediate albedo relative to the Im and Ehtm units at 1489 nm. It has been assigned an age of 3.5 Ga and has spectra consistent with a basaltic mare. The Ehtm unit has a low albedo, has been assigned an age of 2.6 Ga, and is the youngest unit within the basin. The strong ferrous bands, as seen in Figure 8 , are consistent with basaltic mare. The mare units that have been identified to the north and south of the basin do not appear to be directly related to the maria within the basin.
[41] The Moscoviense Basin is an interesting feature on the Moon that is providing us with the opportunity to explore the early differentiation of the crust and the subsequent period of later magmatic activity that intruded into the FHT. The unusual mineralogies that have been exposed suggest the presence of igneous intrusions within the FHT that were not seen at the surface during the brief Apollo or Luna missions. Further study of this part of the Moon may lead to a more thorough understanding of the magmatic history of the Moon and other terrestrial planets that have undergone differentiation.
[42] Acknowledgments. M 3 is supported as a NASA Discovery Program mission of opportunity. The science results and science validation is supported through NASA contract NNM05AB26C. The M 3 team is honored to have had the opportunity to fly as a guest instrument on Chandrayaan-1 and is grateful to all the ISRO team that enabled M 3 data to be returned. We gratefully acknowledge the valuable input to this project by the public release of SELENE Terrain Camera data and LRO Laser Altimeter data.
